Water recovery and subsequent reuse are required for human consumption as well as industrial, and agriculture applications. Moist air streams, such as cooling tower plumes and fog, represent opportunities for water harvesting. In this work, we investigate a flapping mechanism to increase droplet shedding on thin, hydrophobic films for two vibrational cases (e.g., ± 9 mm and 11 Hz; ± 2 mm and 100 Hz). Two main mechanisms removed water droplets from the flapping film: vibrational-induced coalescence/sliding and droplet ejection from the surface. Vibrations mobilized droplets on the flapping film, increasing the probability of coalescence with neighboring droplets leading to faster droplet growth. Droplet departure sizes of 1-2 mm were observed for flapping films, compared to 3-4 mm on stationary films, which solely relied on gravity for droplet removal. Additionally, flapping films exhibited lower percentage area coverage by water after a few seconds. The second removal mechanism, droplet ejection was analyzed with respect to surface wave formation and inertia. Smaller droplets (e.g., 1-mm diameter) were ejected at a higher frequency which is associated with a higher acceleration. Kinetic energy of the water was the largest contributor to energy required to flap the film, and low energy inputs (i.e., 3 Water collection systems have been studied for dehumidification, 1-3 and fog [4] [5] [6] [7] [8] and dew collection. [9] [10] [11] [12] [13] Recovered water can be used for human consumption and agricultural purposes. [4] [5] [6] [7] Two main mechanisms harvested water from air: droplet interception and direct condensation. Metal or plastic fog-collecting meshes intercepted droplets from the air, which were removed from screens via gravitational forces. [5] [6] [7] 11 In order to be captured, a droplet must hit the mesh material, and 25% or fewer droplets were be intercepted. 8 Dew collectors tended to be radiantly cooled flat plates that condense dew primarily at night. [9] [10] [11] [12] [13] Environmental conditions, such as relative humidity, temperature, and wind speed affected water collection potential. 5, 6, [9] [10] [11] Daily water collection ranged from 1-12 L/m 2 from fog, [5] [6] [7] while waters harvests from dew were more modest. 9, 13 Dew and fog water collectors were inspired by nature, including spider silk, 14, 15 Namib desert beetles, [16] [17] [18] and lizards, 19 to increase water collection. Cooling tower plumes in power plants or other industrial applications represent an excellent opportunity for water collection and capture because moisture from the air can be intercepted or condensed. In a small-scale, pilot test in a 500 MW power plant, Ghosh et al. 20 recovered daily water collections of 54 L/m 2 via droplet interception using metal woven wire meshes in a cooling tower. These water collection rates in cooling tower fog were more than four times that of other fog studies.
In this study, we investigate the effects of flapping, polymer films on water droplet coalescence and shedding for water collection. Vibrations have been shown to change droplet shape and incite droplet motion on hydrophobic, 21, 22 glass, 23 and polystyrene 24 surfaces as well as fibers. 25 Soft surfaces have been shown to affect the solid-liquid-air contact line and alter droplet dynamics compared to rigid surfaces. 26, 27 Droplet dynamics were studied on a perfluoroalkoxy (PFA) film treated with Rain-X coating to improve its hydrophobicity, resulting in a 107 o contact angle ( Figure 1a (Multimedia view). The film was 0.127 mm inches thick, 0.36 mm wide and 0.61 m tall. Rotation of an off-center mass provided the flapping motion for Case 1 (i.e., ± 9 mm and 11 Hz) and Case 2 (i.e., ±2mm and 100 Hz). Water, which was dyed blue to improve visual contrast, was manually sprayed onto the film over 7 second intervals while high-speed videos were recorded from the front and side. The majority of the droplets were less than 400 µm in diameter (Figure 1a ) (Multimedia view). Droplets were observed on stationary and flapping films and videos were recorded at 67 frames per second for Case 1. Videos were converted into binary images and analyzed with ImageJ to record the transient percent area covered by water. Departure sizes were recorded manually, reviewing the videos frame-byframe using Photron FASTCAM Viewer. Droplets were removed through sliding or droplet ejection, although sliding was more prevalent in Case 1. Droplet coalescence was studied for the stationary and flapping films [ Figure 1b and c (Multimedia view)] which flapped at 11 Hz. On the stationary film, the majority of droplet coalescence happened immediately after the water spray, over a period of less than 0.5 s [ Figure 1b (Multimedia view)]. After this brief period of coalescence, droplets formed circular shapes and droplets larger than critical diameter slid off, absorbing small droplets in its departure path. However, on the flapping film, vibration and gravity mobilized the droplets, continually promoting coalescence both laterally and vertically over a larger area [ Figure 1c (Multimedia view)], thereby increasing droplet shedding from the flapping film compared to the stationary film.
For the high displacement, low frequency Case 1, flapping reduced droplet departure diameters by 44% primarily through vibration-induced coalescence and sliding. Departure diameters of 3-4 mm were observed on the stationary film, consistent with literature, 1 compared to 1-2 mm for the flapping film [ Figure 2a and b (Multimedia view)]. Departing droplets on the flapping film were smaller and rounder compared to the larger, elongated shape of gravity-driven droplets moving down the stationary film (Figure 2c ) (Multimedia view). Dynamically changing advancing and receding contact angles were observed during vibrationally-driven sliding; vibrations aided droplet depinning and thus prompted droplet motion on the flapping film. Driven by increased coalescence and depinning, the flapping film rapidly shed droplets, resulting in a far lower percentage of area covered (i.e., flapping film water coverage of 6.3% compared to 13.1% on stationary film) as shown in Figure 3a . It is expected that reduced droplet departure diameters will greatly increase condensation heat transfer 28, 29 and water collection rates when condensing from moist air.
In the second droplet removal mechanism, droplets were ejected perpendicularly from the flapping film. Areas with high accelerations were favorable for droplet ejection. As a first-order approximation, the instantaneous film displacement, velocity, and acceleration were estimated by the following functions,
where B was maximum amplitude, x/L was non-dimensional position, ω was angular frequency, and t was time. In this formulation, the x-axis was centered on the film, and the film was clamped at positions ± L. High speed videos of the flapping film captured droplet ejection [ Figure 4 (Multimedia view)] for both vibrational cases. Initially, a small, stationary droplet elongated and subsequently necked, thereby demonstrating the effects of surface tension. The droplet detached from the surface with further motion of the film. Droplets removed from ejection were generally smaller than those removed from vibration-induced sweeping. Noblin et al. 21 indicated the importance of droplet surface waves on contact line oscillations under vibrations. It is hypothesized that waves generated by vibration created surface instabilities at points of maximum acceleration and displacement. As shown in Figure 4c (Multimedia view), the surface wave formed a cap-like shape and ejection depended on the balance of inertia, F inertia , and surface tension forces, F st . The excessive energy of the wave was dissipated through the subsequent elongation and necking; to prevent ejection, the surface tension force at the neck needed to be sufficiently large enough to hold the wave and prevent ejection (i.e. F st > F inertia ), as shown in Figure 4a (Multimedia view). The wave was magnified by increasing the angle of the forming droplet, α, and radius R , therefore increasing inertial force. At the critical point (i.e. F st < F inertia ), the inertial force surpassed surface tension and ejected the wave as droplet. Neglecting transient start up due to the small mass of the film, the required energy input would be the energy needed to overcome the damping effects due to resistance of the air, kinetic energy of the film, and kinetic energy of the condensed water. Due to the thinness of the film, internal resistance was neglected. This air resistance was modeled as drag force, F D , over a blunt body,
where C D was drag coefficient, A P was projected area of the film, ρ was density of room temperature air, and V was air velocity. For simplification, relative air velocity was assumed to be equal to maximum centerline film velocity, 0.62 m/s and 1.26 m/s for Cases 1 and 2, respectively. The drag coefficient was estimated to be 1.9 30 and the resulting drag force was less than one Newton per cycle were small due to the low density of air and small velocity. Power was estimated as the product of force and velocity, and the energy required to overcome drag forces was low, 0.05 W and 0.65 W for Cases 1 and 2, respectively. In addition to air resistance, the required energy input accounted for the kinetic energy of the film and water on the film. Using the maximum centerline velocity for a conservative estimate, the kinetic energy per cycle of the film multiplied by frequency, 0.21 W and 0.8 W for Cases 1 and 2, respectively. It was assumed that 0.22 kg of water resided on the film (1 kg/m 2 ). The kinetic energies per cycle of the water were 0.042 J and 0.18 J, and the energy required to overcome the kinetic energy of the water droplets were 0.46 W and 18 W; kinetic energy of the water was by far the dominant term. For the higher displacement, lower frequency case (e.g., ± 9 mm and 11 Hz), 0.72 W (3.3 W/m 2 ) were estimated, and 19 W (87 W/m 2 ) were estimated for the higher acceleration. Clearly accelerations have a strong impact on required energy, and in an optimal situation, the film may be able to self flap and consume minimal energy. On the flapping film, 93 droplets were shed from the 40 mm by 32 mm viewing area over a 35-second span. Departure diameters were determined from the videos and estimated departure volumes obtained. A conservative estimate, which neglects droplet removed from the swept path through coalescence with the sweeping droplet, yields a mass removal rate of 0.14 g/s for the tested film; multiplying this mass removal rate by the latent heat of vaporization returns a condensation heat transfer rate of approximately 350 W (1593 W/m 2 ). This analysis demonstrated that the energy required to vibrate the film and water droplets was small compared to the energy removal rate needed to condense droplets, thereby making oscillation-driven droplet removal a viable approach.
In conclusion, droplets were rapidly shed from thin, flapping films compared to gravity-driven droplet removal on a stationary film. Droplets were removed through vibration-induced droplet coalescence or ejection from the flapping surface. This work has applications for water collection and novel flexible condensers.
